Objective: A mild traumatic brain injury (mTBI), or concussion, has known neuropsychological sequelae, and neuroimaging shows disturbed brain connectivity during the resting state. We hypothesized that task-based functional connectivity measures, using magnetoencephalography (MEG), would better link the neurobiological underpinnings of cognitive deficits to specific brain damage. Methods: We used a mental flexibility task in the MEG and compared brain connectivity between adults with and without mTBI. Results: Affected individuals showed significant reductions in connectivity. When challenged with a more difficult task, these individuals were not able to "boost" their connectivity, and as such, showed deterioration in performance. Interpretation: We discuss these findings in the context of limitations in cognitive reserve as a consequence of a mTBI.
Introduction
A mild traumatic brain injury (mTBI) is defined as an insult to the head that disrupts normal brain function as manifested by a change in mental status or consciousness for less than 30 min or a score of >13 on the Glasgow Coma Scale (GCS). 1, 2 While the majority of individuals with an mTBI recover fully, it is well established that a significant proportion continue to suffer with physical, emotional, and cognitive symptoms. Of these symptom clusters, cognitive complaints can include, for example, difficulties with concentration, attention, memory confusion, and slowness in thinking. [3] [4] [5] [6] [7] While these symptoms can be subtle, their persistent nature has garnered both clinical and research attention focused on elucidating the etiology, pathophysiology, and mechanism of these complaints.
It is known that one of the most common pathologies seen in a severe brain injury is damage to white matter tracts via diffuse axonal injury [8] [9] [10] and microstructural alterations of axons in both gray and white matter. [11] [12] [13] It is thought that these kinds of injury result in a disconnection within and between brain areas that is manifested as a loss or reduction of cognitive function. [14] [15] [16] Functional connectivity studies acquired in the functional magnetic resonance imaging (fMRI) using a resting state paradigm in patients with mTBI report abnormalities in brain networks that include visual processing, limbic, motor, and cognitive functions, 17 default mode function, 18 default mode regulation, 19 and aberrant connectivity in thalamocortical networks that correlated with neurocognitive function and clinical symptomatology. 20 More recently, magnetoencephalography (MEG) neuroimaging has been applied to the study of mTBI. In contrast to fMRI, which measures hemodynamic change as a surrogate for brain activity, MEG captures the magnetic fields generated by neuronal conduction and is thus a This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. direct measure of brain activity. 21, 22 Furthermore, MEG measures of functional connectivity are comparable to fMRI, but include the additional dimensions of time and oscillatory frequency that are present in neurophysiological data. 23 Using a resting state protocol, it has been shown that the location of slow waves in the delta (1-4 Hz) frequency range corresponded to sites of brain injury 24, 25 and differentiated individuals with mTBI from controls. 26 Functional connectivity metrics acquired from resting state MEG recordings demonstrated decreases in functional connectivity even in mTBI 27 and correlated with cognitive recovery and neuropsychological assessments in acquired brain injury. 28 Given the changes in functional connectivity achieved with resting state protocols, we postulated that using a task-based functional connectivity analysis, with a task sensitive to cognitive deficits in mTBI, would be even more likely to capture brain changes induced by mTBI.
Mental flexibility is a core feature of cognitive executive functions and underlies the ability to integrate new information and to appropriately and accordingly adapt one's behavior. Mental inflexibility is one of the cognitive complaints experienced in mTBI 14 and manifests as a tendency to perseverate or "become stuck." The neural underpinnings of mental flexibility have been well studied using the Wisconsin Card Sort Task, 29 and areas in prefrontal, frontal, and posterior cortical regions have been implicated using both fMRI [30] [31] [32] [33] [34] [35] [36] and MEG. [37] [38] [39] Our group has designed a simpler task aimed at probing the core "shifting" aspect of mental flexibility and we have optimized this for MEG. 40 Using MEG source localization analysis, we 41 demonstrated that, compared to matched controls, individuals with mTBI showed significantly delayed reaction times with a disorganized sequence of brain activations when completing a mental flexibility task. This approach identified that core brain regions were activated in an unexpected order in mTBI, and raised the possibility that connectivity between these brain regions was likely disrupted. With recent advancements in task-based functional connectivity analyses for MEG, and our understanding that mTBI disrupts microstructural integrity that most likely manifests as impairments in functional connectivity, we applied functional connectivity analyses to this data set to understand the impact of a mTBI on mental flexibility.
Patients and Methods

Participants
Thirty-two adult males participated in the study and were previously described. 41 These consisted of 16 men diagnosed with mTBI (mean: 31.0 AE 7.5 SD years) and 16 controls (mean: 27.7 AE 5.3 SD years). Inclusion criteria for the mTBI were a mild injury to the brain sustained within the last 2 months, with or without symptoms, loss of consciousness for <30 min, posttraumatic amnesia for <24 h, alterations of consciousness (dazed, confused) for <24 h, GCS score ≥13 in the first 24 h postinjury, no history of previous concussion, and normal computed tomography (CT) scan of the head at admission. Individuals with mTBI were civilians injured in motor vehicle and sports accidents and recruited, in the acute phase, from the Emergency Department at Sunnybrook Health Sciences Centre. Control individuals were recruited from the community, and exclusion criteria included any previous head injury or any history of neurological, psychological, or psychiatric disease. The MEG study was conducted in the Neuromagnetic Lab at the Hospital for Sick Children. Institutional ethics approvals were received from both Sunnybrook Health Sciences Centre and the Hospital for Sick Children, and all participants gave written informed consent. All participants completed a short battery of assessments, which included the Wechsler Abbreviated Scale of Intelligence, 42 , the Patient Health Questionnaire, 43 and the Symptom Checklist and Symptom Severity Score. 44 
Task and MEG data acquisition
Subjects completed a test of mental flexibility called the intraextra dimensional set shift (IED) (Cambridge Neuropsychological Test Automated Battery [CANTAB(C)], Cambridge Cognition), which required subjects to match stimuli on color or shape. On each trial, subjects were presented with two candidate images and a probe image where one of the candidates always matched the probe by shape or color. Participants experienced a few trials where the match dimension remained the same, for example, the color "red." Then, a set-switch would require matching along a different parameter, for example, the color "blue" or the shape "circle." If the switch was within the same dimension, that is, color to color, or shape to shape, this was termed an "easy" or "intradimensional" switch. If the switch was between dimensions, that is, color to shape, or shape to color, this is a more difficult shift, called an "extradimensional" shift. Participants received training on the task outside of the scanner, and were only tested in the MEG when they had reached a high level of competence.
Participants pressed a button to indicate which candidate image matched the probe. A total of 370 probes were presented with 50 intradimensional and 50 extradimensional shifts. Stimuli were presented using Presentation software (Neurobehavioral Systems, Inc., Berkeley, CA) via a back projection screen placed 78 cm from the subjects' eyes. The stimuli were foveal and subtended 13°of arc (6.5°on either side of the midline). The task was selfpaced and each probe was presented until a response was recorded, to a maximum of 4 sec. Stimulus onset asynchrony was randomly jittered between 0.8 and 1.2 sec. The entire task required a maximum of 30 min if 4 sec was taken for each response; however, participants completed the task easily and the average testing time was under 10 min.
Participants were tested supine in a whole-head 151-channel MEG (CTF Omega, MISL, Coquitlam, Canada). MEG data were recorded continuously with a 600-Hz sampling rate, DC-100 band-pass, and third-order spatial gradient noise cancelation. Data were processed offline. Head movement was monitored and all runs had <5 mm head movement. After completion of MEG testing, a structural MRI (T1-weighted, 3D sagittal MPRAGE, TR/ TE/TI/FA = 2300/2.96/900/9, GRAPPA = 2; FOV/ Res = 192 9 240 9 256, 1.0 mm isotropic voxels) was obtained on a 3T scanner (Magnetom Tim Trio, Siemens AG, Erlangen, Germany) with a 12-channel head coil.
Three fiducial coils were placed on each subject's nasion, and left and right preauricular points to allow tracking of the subject's head position within the MEG. After MEG testing, these coils were replaced with vitamin E capsules, visible on MRI, to allow coregistration of MEG data with structural MRI.
MEG connectivity analysis
A multisphere head model was created for each participant using their individual MRI. 45 MEG data were downsampled to 667 Hz, and broadband (1-150 Hz) time series were reconstructed using a vector beamformer, 46 from sources located at 90 cortical and subcortical seed points specified in the automated anatomical labeling atlas.
47 SPM2 (http://www.fil.ion.ucl.ac.uk/spm/software/ spm2) was used to unwarp the coordinates for the seed points from standard MNI space to corresponding locations in each subject's individual head space.
The time series data were filtered into theta (4-7 Hz), alpha (8-14 Hz), beta (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , and gamma (30-80 Hz) frequency ranges and the time series of instantaneous phase values were computed for each epoch, frequency, and subject using the Hilbert transform. The phase lag index was used to determine the task-dependent connectivity dynamics for each frequency band. 48 This produced, for each subject and frequency, a 90x90 adjacency matrix at each time point, which was then grand-averaged across all subjects and source pairs to produce a time series plot of average network connectivity for each condition and group. This plot was used to determine time windows, where task-dependent interregional phase locking differed between groups or conditions, and thus merited further investigation.
To characterize task-dependent changes in inter-regional phase locking for a specific frequency band and condition, the 90x90 adjacency matrix for that frequency band and condition was averaged across all time points in a time window of interest. Baseline adjacency matrices were obtained by averaging an identical number of data points in the prestimulus interval, and connectivity differences between active and baseline windows were evaluated using the network-based statistic toolbox. 49 This toolbox applied a univariate statistical threshold to identify the size of the largest interconnected component. A permutation approach was applied which shuffled group membership 5000 times to create a surrogate dataset for the null distribution. The "real" observed data were compared to the null distribution to obtain a statistical significance. As the same original univariate threshold was applied to both surrogate and real data, protection against false positives due to multiple comparisons is provided at any threshold. 49, 50 The results were visualized using BrainNet Viewer 51 and we plotted significant connections at a threshold of P < 0.05. For regions identified in this manner, graph theoretical analysis was used to derive network topologies which characterize their involvement in large-scale task-dependent brain networks (see Bullmore and Sporns 52 ). Graph properties for these regions were calculated using the brain connectivity toolbox. 53 To evaluate network topologies for these regions, we chose the graph theoretical measure of node strength. Strength reflects how functionally connected a given region is to other regions in the analyzed network.
54,55
Results
Participant demographics and clinical symptomatology
The control and mTBI groups were not significantly different on age (controls: 27.7 AE 5.3 years; mTBI: 31.0 AE 7.5 years; n.s.) and IQ (controls: 114.7 AE 8.31; mTBI: 106.7 AE 12.6; n.s.). However, significant differences were observed on the Patient Health Questionnaire (controls: 3.1 AE 5.4; mTBI: 9.0 AE 6.9; P < 0.01), the Symptom Checklist (controls: 2.3 AE 3.9; mTBI: 8.1 AE 5.9; P < 0.001), and the Symptom Severity Measure (controls: 5.7 AE 15.5; mTBI: 18.1 AE 18.4; P < 0.05), with the mTBI group more severely affected in all cases. conditions. Two-by-two mixed factorial analyses of variance (ANOVAs) were performed with group as the between-variable and condition as the repeated measures within variable for reaction time and accuracy separately. For reaction time (Fig. 1A) , a main effect of condition (F [1, 13] = 11.0, P < 0.002) was found with the extradimensional, harder shift being slower. For accuracy (Fig. 1B) , while both groups performed very well, a significant difference was found for condition (F[1, 30] = 5.72, P < 0.02). Post hoc testing revealed a significant difference between the ED (84.2 AE 4.2%) and ID (90.8 AE 4.5%) conditions for the mTBI group, although the interaction was not significant on the full factorial ANOVA.
Reaction time and accuracy
Changes in connectivity during set shifting Figure 2A shows task-related changes in overall functional connectivity across time by frequency band, task difficulty, and group. Controls are shown in green and the mTBI group is shown in blue. Distinct peaks are seen in the theta, alpha, and beta bands that increased immediately after stimulus presentation and peaked at approximately 0.2 sec. The only significant differences between groups were for the difficult condition in the alpha band where the mTBI group showed lower connectivity in the 150-250 msec and 250-350 msec time windows. Subsequent analyses focus on these two time windows in the extradimensional condition. Figure 2B shows the adjacency matrices for the two groups, in the difficult (extradimensional) condition, for the two time windows of interest. In the control group, there are clear, strong, sustained connections between left and right occipital cortices with all brain other regions, both contra-and ipsilateral. This is not seen for the mTBI group. Figure 2C plots node strength connectivity (P < 0.05, corrected) in the alpha band for each group (suprathreshold t-value = 4.0 for the first time window and t=3.0 for the second time window) on the ED condition for the two time windows of interest. The control group shows a number of long-range connections, while the connections in the mTBI group are not well observed.
Discussion
In this study, we used a set-shifting task, a measure of mental flexibility, in a group of control adults and adults with mTBI to assess differences in task-based functional connectivity between groups. mTBI, by definition, is a mild condition where most individuals show few to no long-term cognitive sequelae, although some individuals continue to complain of intermittent, remitting, and variable cognitive deficits. The results of our study are consistent with clinical reports where cognitive deficits are small but clear.
Our behavioral results showed that our task manipulation affected the groups differently. On reaction time, it is interesting to note that while both groups took longer to complete the more difficult extradimensional condition, there was no significant difference between the groups. However, while both groups perform comparably on accuracy for the intradimensional condition, the accuracy of the mTBI group decreases with the harder condition. Although this interaction is not statistically significant, inspection of Figure 1 would suggest that the mTBI group manages to maintain reaction time by trading off accuracy.
Our behavioral results fit with our connectivity data which showed specific reductions in the ability to recruit coordinated activity among brain regions to support task performance, only in the difficult condition. Examination of Figure 2A shows that the summed level of connectivity is not increased between the easy and hard conditions for the mTBI group, whereas the control group showed a "boost" of connectivity in the alpha band when challenged by the more difficult task; this probably allowed them to maintain accuracy or performance. For the mTBI group, with the easy task, the brain is driven at capacity, and there is no cognitive reserve to provide the additional "boost" that is needed for more difficult tasks. In this case, the result is a deterioration in accuracy.
When we examined the brain data by frequency bands, we found significant differences in connectivity only in the alpha band, and Figure 2B shows that the "boost" in alpha connectivity was between occipital regions to all other regions. There is evidence that alpha phase dynamics play a direct role in visual attention, and connectivity in the alpha band is required for higher order cognitive processing and consciousness (for a review, see Palva and Palva 56, 57 ). Furthermore, an fMRI study of top-down allocation of visual attention found that hemodynamic activations in healthy controls showed robust patterns of task-related activations in bilateral dorsolateral prefrontal cortices and bilateral visual streams. 19 Our findings suggest that the mTBI group were unable to boost longrange alpha connectivity between occipital and frontal regions, possibly affecting their ability to appropriately allocate visual attention. This raises the possibility that the cognitive deficits reported in mTBI may not be due to specific damage to a specific brain region or neuronal mechanism, but the cognitive deficit culminates out of nonspecific visual attentional problems whereby an inadequate ability to allocate attention results in an inability to increase alpha connectivity to a level that maintains performance. In other words, an inability to boost alpha connectivity could result in an inability to activate the "global neuronal workspace" to allow further cognitive processing. 56 To our knowledge, this article is the first to apply taskbased functional connectivity analyses to MEG data in mTBI. Our results demonstrate the feasibility of such an approach, support the hypothesis that there are cognitive consequences with even a mild brain injury, and suggest that a traumatic brain injury inflicts fundamental damage to the visual attention system which has a cascade effect on downstream processes. These findings have implications for how we think about future developments for intervention and rehabilitation for individuals with an mTBI. Rather than pursuing treatments focused on changing specific behavioral symptoms, perhaps rehabilitation that improves visual inattention may target the foundational deficit in this condition, and result in global cognitive improvements. It would be important, as a next step, to elucidate how the damage incurred by a mTBI translates into deficits in alpha connectivity and how this links to subsequent reductions in cognitive and behavioral performance.
